Fusion genes between papA, the gene coding for the major Pap pilus subunit, and fragments coding for an immunoglobulin G-binding domain of the Staphylococcus aureus protein A were constructed in such a way that the spa fragments were inserted following either codon 7 or 68 of the coding sequence for the mature portion of PapA. Peptides in the area of amino acids 7 and 68 of PapA are localized at the external side of the pilus. A set ofpL expression plasmids containingpapA and derivatives suitable for insertion were constructed. ApapA gene carrying a spa insert following codon 68 was cloned back into the pap operon. The presence of this altered operon in a bacterial strain allowed the detection of immunoglobulin G-binding activity at the surfaces of the bacterial cells.
Pap pili are extracellular, hairlike proteinaceous appendages of the bacterial cell consisting of a limited set of different proteins (6, 9, 13) . Hull et al. (10) cloned a chromosomal fragment from the uropathogenic Escherichia coli strain J96 which codes for Pap pilus formation. The formation of these pili involves the actions of different proteins encoded by the pap operon. Cells carrying this operon have about 300 pili. Each pilus contains around 1,000 PapA subunits and some minor compounds and extends roughly 1 ,um into the growth medium (7) . These structures are adhesins to glycoconjugate receptors on host epithelial tissues of the urinary tract. In view of their exceptional structure, we considered these to be possible vectors for the exposition of foreign adventitious protein domains toward the extracellular environment.
The bulk of the pilus consists of PapA, which is encoded by the papA gene (15 (19) and binds strongly to the Fc part of various immunoglobulins (8) . Protein A consists largely of seven functional entities (domains): S, E, D, A, B, C, and X (29) . The S domain represents the signal sequence, whereas the X domain is the cell wall-anchoring domain (25) . The regions E, D, A, B, and C are five strongly conserved, 58-amino-acid-long direct repeats. 
MATERIALS AND METHODS
Bacterial strains and plasmids. All plasmid constructions were performed in MC1061 [hsdR mcrB araD139 iA(araABCleu)7697 AlacX74 galU galK rpsL thil (5) . Initial expression studies to verify the correct orientation of the inserts were performed in MC1061(pCI857) (23) . Studies implying the potential appearance of pili at the surfaces of the bacteria were carried out in HB101 [supE44 hsdS20 (rB -mB -) recA13 ara-14 proA2 lacYl galK2 rpsL20 xyl-5 mtl-1] (4). The plasmid pPAP5 (15) was a kind gift from B.-I. Marklund.
DNA manipulations. Restriction endonucleases and DNA polymerases were purchased from Boehringer, Mannheim, Germany, and Bethesda Research Laboratories, Bethesda, Md.; they were used according to the manufacturers' recommendations. T4 ligase was purified from K12AH1Atrp (pPLc28lig8), a T4 ligase-overproducing strain (23) . Ligation was performed as described by Kahn et al. (11) .
For analytical purposes, plasmid DNA was extracted according to the method described by Birmboim and Doly (3). For preparative purposes, plasmid DNA was isolated according to the method described by Kahn et al. (11) . Restriction fragments were prepared by the gene-clean method (28, 31) . The required materials were purchased from Bio 101, La Jolla, Calif.
Purification of pili. Pili were purified from HB101(pPAP5) essentially according to the method described by Lindberg et al. (14) .
Polyclonal antisera. Polyclonal rabbit antipilin (Ra-pilin) antiserum was raised essentially according to the method described by Maertens (17) . The serum was purified on CL4B-protein A Sepharose (Pharmacia P-L Biochemicals, Uppsala, Sweden) and was shown to react with recombinant PapA in a Western blot.
Human placental alkaline phosphatase (hPLAP) was purchased from Sigma, Deisenhofen, Germany. Rabbit antihPLAP (Rot-hPLAP) was purchased from Dakopatts, Glostrup, Denmark. Goat anti-rabbit, alkaline phosphataseconjugated antibody (Ga-RAP) was supplied by Organon Teknika, Cambridge, United Kingdom. Rabbit anti-1-lactamase (Rao-La) was a kind gift from R. Matthew (Glaxo Institute for Molecular Biology, Geneva, Switzerland).
Expression of recombinant proteins. Expression of proteins under control of the PL promoter was performed by shifting a logarithmically growing culture from 28 to 42°C (21) . A saturated preculture, grown in Luria-Bertani (LB) medium, was diluted 100-fold in M9 medium (18) supplemented with 0.2% Casamino Acids and grown for 5 h at 28°C under shaking. After switching to 42°C, it was incubated for another 3 h. The cultures were concentrated by centrifugation, resuspended in one-eighth volume of sample buffer and boiled for 3 min. A 20-,ul volume was used for sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (12) . Gels were fixed in 10% trichloroacetic acid and stained in 0.05% Serva Blue R (Serva Feinchemikalien, Heidelberg, Germany).
Western blot immunodetection. For immunological characterization, proteins were electrophoretically blotted from an SDS-PAGE gel onto a cellulose nitrate filter (pore diameter of 0.45 ,um; Millipore, Bedford, Mass.) with a Consort dry blotting device. The filter was blocked for at least 2 h in a 2.5% solution of skim milk powder in NaCl-Pi (0.01 M Pi, 0.15 M NaCl, pH 7.5). Incubation with primary antibodies was performed at room temperature. Excess of unbound antibody was removed by washing. The antigen-antibody complex was detected by incubation with a secondary alkaline phosphataseconjugated antibody with an appropriate specificity, and this was followed by incubation in 0.1 M Tris-HCl (pH 9.5)-0.1 M NaCl-0.05 M MgCl2 containing 5-bromo-4-chloro-3-indolylphosphate (BCIP) and nitroblue tetrazolium (NBT). Alternatively, the complex was detected by means of direct recognition between the primary antibody and hPLAP. After incubation with hPLAP, the complex was visualized as described above, with the aforementioned phosphatase substrate. The enzymatic reaction was terminated by rinsing the filter under flowing tap water.
Detection of surface-exposed protein domains. Single colonies were streaked on a cellulose nitrate filter (pore diameter, 0.45 ,um; Millipore) which had been placed on a solid-agar LB plate. After overnight incubation at 37°C, the filter was washed in NaCl-Pi containing 2.5% skim milk powder until the bulk of the bacteria was removed. The filters were further incubated with 5 ml of a 5-mg/liter solution of the appropriate antibody in NaCl-Pi containing 2.5% skim milk powder. Detection of the different primary antibodies depended on the particular experiment (cf. Results). The final detection occurred as a result of localized alkaline phosphatase activity and was revealed by incubation of the filter in NBT-BCIP solution as described above. The reaction was stopped by rinsing the filter under flowing tap water.
RESULTS
Construction of plasmids. The papA gene was subcloned from the plasmid pPAP5 (15) as a 1-kb EcoRV-PstI fragment and ligated in the SmaI-PstI-opened plasmid pMC58 (26) . This plasmid was named pPAS1 and was subjected to site-specific mutagenesis according to the method described by Nakamaye and Eckstein (20) . We created BamHI restriction sites at locations in the papA gene coding for amino acids 7 and 68 of the mature part of PapA. The DNA sequence and data concerning the start of the mature protein were taken from Boaga et al. (2) . The positions of the new restriction sites relative to the reading frame were G.GAT.CC. The two plasmids containing the mutant genes were called pPAS2 and pPAS3, respectively. From these two plasmids, the modified papA genes were subcloned in the EcoRI-XbaI-opened PL expression vector pPLc245 (22) as EcoRI-XbaI fragments. These plasmids, which contained the modified papA genes under control of the PL promoter, were named pPAS5 and pPAS6, respectively. An analogous construct was made with the original papA gene and was named pPAS4.
A 174-bp BamHI fragment coding for the A domain of SPA was isolated from pMCSPA2 (27) and was ligated in the BamHI-opened plasmids pPAS5 and pPAS6. The correct orientations of the insertions were verified by expression of the fusion proteins. The resulting plasmids containing the fusion genes of papA and spa were named pPAS7 and pPAS8, respectively, while the fusion genes themselves are referred to as papA 7BSA and papA68BSA, respectively.
The region holding the spa fragment in thepapA68BSA gene was isolated as a 0.7-kb BstXI-RsrII fragment from pPAS8 and ligated in the corresponding sites in the plasmid pPAP5. This plasmid, now coding for a fusion gene betweenpapA and spa in the natural context of the papA gene, was named pPAP5SA. The flow scheme of these constructions is given in Fig. 1 .
Detection of recombinant proteins. The expression of the different recombinant proteins is shown in Fig. 2 . The protein patterns of the induced cultures show prominent extra bands with apparent Mrs corresponding to the expected calculated sizes. All induced proteins react with Ra-pilin serum in Western blot immunodetection, as revealed by Ga-RAP and BCIP-NBT (data not shown). The IgG-binding activities of the fusion proteins PapA7BSA and PapA68BSA were assessed in a modified Western blot. In this system, the primary antibody was Ra-hPLAP, which should bind with its Fc domain to IgG-binding proteins. The membrane was then incubated in an appropriate volume of 80-,ug/ml hPLAP solution in NaCl-Pi containing 2.5% skim milk powder. The enzyme hPLAP could be detected on the basis of its phosphatase activity. The results are shown in Fig. 2 . The appearance of a band of the correct size in the lane corresponding to the protein pattern of induced cultures of MC1061(pCI857)(pPAS7) and MC1061(pCI857) (pPAS8) proves that these fusion proteins had IgG-binding capacity. The slightly higher molecular weight of PapA7BSA, compared with that of Pap68BSA, may be due to an inability of the PapA7BSA protein to be processed by the cell. For this reason, we did not further investigate the latter fusion gene system.
Detection of surface-exposed protein domains. Surface expression of HB101 cells harboring the plasmid pPAP5SA compared with that for the same strain carrying pPAP5 was evaluated as described. Three different primary sera were used, i.e., Ra-hPLAP, Ra-pilin, and Ra-,BLa. Rot-hPLAP was used in combination with hPLAP to monitor the presence of IgG-binding activity, as described above. Ra-pilin should, in combination with Ga-RAP, disclose the presence or absence of pilin antigen. Ra-,BLa should indicate the appearance of signals derived from proteins normally present in the periplasm. In summary, we show that adventitiously coding sequences can be functionally incorporated in the PapA subunit of pili and can become exposed at the surfaces of the bacteria, presumably as a part of a genuine pilus structure. This conclusion is consistent with the observations of Van Die et al. (30) , who incorporated an 8-amino-acid foot-and-mouth disease virus epitope in the Fll major pilus subunit and could observe the presence of the epitope at the cell surface, incorporated in a pilus structure. Our observations show that a stretch of at least 58 amino acids can be inserted into PapA and can be functionally exposed at the surface of the bacterium.
